Mutations are introduced into rearranged Ig variable genes at a frequency of 10 ؊2 mutations per base pair by an unknown mechanism. Assuming that DNA repair pathways generate or remove mutations, the frequency and pattern of mutation will be different in variable genes from mice defective in repair. Therefore, hypermutation was studied in mice deficient for either the DNA nucleotide excision repair gene Xpa or the mismatch repair gene Pms2. High levels of mutation were found in variable genes from XPA-deficient and PMS2-deficient mice, indicating that neither nucleotide excision repair nor mismatch repair pathways generate hypermutation. However, variable genes from PMS2-deficient mice had significantly more adjacent base substitutions than genes from wild-type or XPA-deficient mice. By using a biochemical assay, we confirmed that tandem mispairs were repaired by wild-type cells but not by Pms2 ؊/؊ human or murine cells. The data indicate that tandem substitutions are produced by the hypermutation mechanism and then processed by a PMS2-dependent pathway.
During somatic hypermutation of Ig variable (V) genes in B lymphocytes, a large number of nucleotide substitutions are introduced into a small area of the genome for the purpose of generating variant antibodies with high affinity for cognate antigens. Substitutions are distributed at a frequency of 10 Ϫ2 ͞bp over a 2-kilobase region of DNA that includes the rearranged V gene and noncoding flanking sequences (1) (2) (3) (4) . Transgenic mice with modified Ig genes have shown that both promoter and enhancer transcription elements are required for hypermutation, perhaps by making the region more accessible to proteins causing mutation (5) (6) (7) (8) . More than 90% of the mutations are base substitutions, and the rest are deletions and insertions (4, 9) . An analysis of the substitutions shows that transitions occur more frequently than transversions, and there are fewer mutations of T than of the other three nucleotides (10) . Thus, the substitutions are somewhat asymmetric on each of the two strands (11), but it is not known whether they are preferentially introduced into one strand and͞or preferentially removed from one strand. The presence of multiple mutations implies that DNA repair pathways are involved in generating or removing them. We therefore studied the role of nucleotide excision repair and mismatch repair on the frequency and pattern of hypermutation.
A possible role for nucleotide excision repair in somatic hypermutation of V genes has been proposed. Nucleotide excision repair is especially efficient in actively transcribed genes (reviewed in ref. 12) , and the generation of base substitutions by the hypermutation process has been broadly correlated with the extent of transcription (5) . Furthermore, mutagenesis and transcription are linked in yeast (13) . DNA damage in the V region, or transcriptional stalling at pause sites, might be envisaged to initiate nucleotide excision repair events with an occasional error occurring during gap filling (6) . Mice lacking the xeroderma pigmentosum group A gene (Xpa) were examined because XPA is one of the first proteins in a plethora of factors that binds to damaged nucleotides. XPAdeficient mice fail to exhibit nucleotide excision repair of thymine dimers and (6-4) photoproducts, and they are susceptible to ultraviolet-and chemical-induced skin tumors (14) .
A role for mismatch repair is more likely because mismatched base pairs would be present immediately after hypermutation. In eukaryotic mismatch repair (15) (16) (17) (18) , mismatched base pairs are recognized by a dimer of the MSH2 protein with either the MSH6 or MSH3 proteins. Subsequent steps involve the action of PMS2, MLH1, and proliferating cell nuclear antigen proteins, which result in excision of the error, followed by resynthesis of the repair patch. The mismatch repair mechanism is strand-specific, although the signal that directs repair to the newly replicated strand in eukaryotes is not known. Mutations could be introduced during resynthesis of the repair patch by an error-prone polymerase, or some mismatches could be removed during repair. Mice lacking the Pms2 gene were examined because PMS2 is essential for mismatch repair. PMS2-deficient mice have no repair as shown by instability of microsatellite repetitive sequences, and they are prone to lymphomas and sarcomas (19) .
MATERIALS AND METHODS

Mice. Xpa
Ϫ/Ϫ
and Pms2 Ϫ/Ϫ mice on a C57BL͞6 background were produced as previously described (14, 19) , and C57BL͞6 mice were obtained from Jackson Laboratories. Several mice from each group were given a primary i.p. injection of 50 g of phenyloxazolone coupled to chicken serum albumin in complete Freund's adjuvant, boosted 1 month later with 50 g of antigen in incomplete Freund's adjuvant, and sacrificed 4 days later. Spleens were removed, and B cells that bound the B220 surface marker and peanut agglutinin were isolated by flow cytometry.
DNA Cloning and Sequencing. DNA was isolated from about 50,000 cells after proteinase K digestion and phenol͞ chloroform extraction. To amplify the rearranged V Ox1 gene, the DNA was subjected to 30 rounds of PCR with Pfu polymerase (Stratagene) using a primer specific for the leader sequence on the 5Ј side of the gene and a primer specific for
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Ϫ6
mutations per nucleotide per duplication, which would produce 0.03 mutations per 466-bp clone after 60 rounds of amplification. This amount is 200-fold less than the number found in V Ox1 genes that were generated by somatic hypermutation. M13 plaques were screened for inserts by hybridization to a V Ox1 probe, and positive clones were sequenced.
Statistical Analyses. The distribution of types of substitutions between strains was compared by using the , and Pms2
clones, the initial segment included nucleotides Ϫ190 through 96 (k1 ϭ 286) and the final segment included nucleotides 106 through 276 (k2 ϭ 171). For BALB͞c clones, k1 ranged in length from 96 to 286 nucleotides and k2 had 171 nucleotides.
Mismatch Repair Assay. Cell-free extracts were prepared from the following lines: HeLa-S3, wild-type human cervical carcinoma; GM0131, wild-type human fibroblasts; HEC-1-A, Pms2 Ϫ/Ϫ human endometrial carcinoma; and C18, Pms2 Ϫ/Ϫ murine embryonic fibroblasts (19) . DNA substrates containing single and tandem double mismatches were prepared (20) and contained a nick in the minus strand at position Ϫ264, where position ϩ1 is the first transcribed base of the lacZ␣ gene. The G⅐G mispair was at position 88, and the AA⅐⅐CC and GG⅐⅐TT tandem mispairs were at positions 88 and 89, respectively. For in vitro repair of mismatches, 25-l reactions contained 30 mM Hepes (pH 7.8); 7 mM ATP; 200 M each of CTP, GTP, and UTP; 100 M each of dATP, dGTP, dTTP, and dCTP; 40 mM creatine phosphate; 100 g͞ml creatine kinase; 15 mM sodium phosphate (pH 7.5); 1 fmol of heteroduplex DNA substrate; and 50 g each of cell-free extract protein. Reactions were incubated for 15 min and then processed as described (20) .
RESULTS
Hypermutation in V Genes from XPA-and PMS2-Deficient
Mice. C57BL͞6, Xpa Ϫ/Ϫ , and Pms2 Ϫ/Ϫ mice were immunized with oxazolone coupled to a protein, which elicits a well-characterized immune response (21) . After primary and secondary immunizations, the mice were sacrificed, and splenic B cells expressing a receptor for peanut agglutinin, which usually is found on cells residing in germinal centers, were enriched by flow cytometry. DNA was prepared, and oligonucleotides were used to amplify the J Ox1 gene segment rearranged to the J 5 gene segment, which encodes a light chain that is common in antibodies that bind oxazolone. A 466-bp product, which includes 190 bp of 5Ј flanking DNA and 276 bp of coding DNA, was cloned from PCR libraries. The fragment, shown in Fig. 1 , was sequenced to unequivocally identify the V Ox1 gene from other closely related V 4 family genes (23) and to locate mutations. Approximately half of the clones from all three groups had mutations. For clones with at least one mutation, the overall frequency of mutation was 1.4% mutations per bp for C57BL͞6 clones, 1.5% for Xpa Ϫ/Ϫ clones, and 0.9% for Pms2 Ϫ/Ϫ clones (Fig. 2) . The distribution of mutations in the 5Ј flanking and coding regions is diagrammed in Fig. 3 . As expected, V Ox1 genes from all three strains had an accumulation of substitutions in the first complementarity determining region. It has been shown that variant amino acids in codons 34 and 36 bind oxazolone with higher affinity than the original amino acids, and B cells expressing antibodies with these mutations are preferentially selected (24, 25) . The distribution was more skewed in V genes from Pms2 Ϫ/Ϫ mice, which may be the result of a lower frequency of mutation followed by selection of those B cells with occasional substitutions in residues 34 and 36. When mutations at the codons that encode amino acids 34 (nucleotides 97-99) and 36 (nucleotides 103-105) were excluded, the frequency of mutation in Pms2 Ϫ/Ϫ clones was lower at 0.5% (77 mutations per 14,260 bp), compared with C57BL͞6 clones at 1.2% (92 mutations per 7,820 bp) and Xpa Ϫ/Ϫ clones at 1.4% (125 mutations per 9,200 bp).
Tandem Substitutions in V Genes from Pms2 ؊/؊ Mice. We next compared the spectra of mutation in clones from the three strains of mice. As shown in Table 1 , the types of substitutions in C57BL͞6, Xpa Ϫ/Ϫ , and Pms2 Ϫ/Ϫ clones did not differ significantly from each other (P Ͼ 0.4). However, a significantly higher than expected frequency of tandem substitutions, or two mutations in a row, was found in Pms2 Ϫ/Ϫ clones. Tandem substitutions occurred in all of the mouse strains, as recorded in Fig. 2 , and were located throughout the 5Ј flanking and coding regions. In Pms2 Ϫ/Ϫ mice, five examples of identical tandem pairs of GC to AA spanning codons 33 and 34 (nucleotides 96 and 97) were observed in clones P268, P95, P191, P18, and P30. The repeated occurrence of these tandem mutations was not an artifact that arose during PCR amplification of splenic DNA for the following reasons: (i) the clones were derived from two separate PCR amplifications; (ii) they had different V-J junctions at residue 95, indicating they came from independent precursor B cells; and (iii) they had unique single substitutions that were not shared by other clones. Thus, this tandem pair was generated independently in several genes, and then B cells expressing antibodies with these mutations were selected for the A in the first position of residue mice frequently were found in V genes with a large number of mutations, where there is a higher probability for adjacent mutations to occur by chance. In contrast, the tandem pairs in Pms2
clones often were seen in genes with few mutations; for example, the only two mutations in clones P27 and P29 were next to each other. To determine whether the apparent differences between Pms2 Ϫ/Ϫ and the other strains were significant, the expected frequency of tandem mutations was calculated by assuming a random distribution of mutations based on the length of sequence and the number of mutations per clone, and compared with the observed frequency. Data from V Ox1 genes reported in the literature from hybridomas and transgenes from BALB͞c mice also were included in the analysis, which is summarized in Fig. 4 . Because all of the strains tended to have more tandem mutations than would be expected by chance, the excess was compared between the strains. An analysis of mutations in the entire clonal segment of 466 nucleotides showed that V genes from C57BL͞6, BALB͞c, and Xpa Ϫ/Ϫ strains did not differ from each other (P Ͼ 0.4), whereas V genes from Pms2 Ϫ/Ϫ mice were significantly more susceptible to tandem mutations compared with the other strains, with respective P values of 0.003, 0.001, and 0.016. To eliminate any bias for selection of mutations in codons 34 and 36, the analysis also was performed on data that excluded mutations in nucleotides 97-105. As seen in the second half of Fig. 4 , Pms2 Ϫ/Ϫ V genes still had significantly more tandem mutations than the other strains, with P values of 0.026, 0.002, and 0.049.
Repair of Tandem Mismatches by Cell Extracts.
Given that Pms2 Ϫ/Ϫ mice had a significant increase in the number of tandem mutations, a biochemical assay was used to measure the ability of extracts from wild-type and DNA repair-deficient cell lines to repair heteroduplexes containing single base or tandem mispairs. M13 DNA substrates were made that contained a covalently closed (ϩ) strand and a (Ϫ) strand with a Mutations in nucleotides 97-99 and 103-105 were excluded from the analysis because of strong immunological selection for mutations in these codons. (1998) nick located several hundred bp away from a single G⅐G mismatch or a tandem mismatch, either AA⅐⅐CC or GG⅐⅐TT. The two strands encode either blue or white (colorless) M13 plaque colors, depending on the sequence and position of the mismatch. If an unrepaired heteroduplex is introduced into an Escherichia coli strain deficient in methyl-directed heteroduplex repair, plaques will have a mixed color phenotype on selective plates, caused by expression of both strands of the heteroduplex. However, repair occurring during incubation of the substrate in a repair-proficient cell extract will reduce the percentage of mixed plaques. Repair catalyzed by the DNA mismatch repair system also will increase the ratio of the (ϩ) strand phenotype relative to that of the (Ϫ) strand phenotype, because the nick directs repair to the (Ϫ) strand (30) .
As expected based on previous reports (18, 31) , extracts of HeLa cells efficiently repair a G⅐G mismatch in a strandspecific manner (Table 2 ). This same extract also repaired two different tandem mismatches. The increased ratio of (ϩ) to (Ϫ) strand plaque phenotypes indicates that repair of the tandem mispairs was preferentially directed to the (Ϫ) strand containing the nick. Extracts of a second human cell line, GM0131, gave similar results with all three mispairs. Extracts of the PMS2-defective human endometrial carcinoma cell line HEC-1-A failed to repair the G⅐G mismatch (31), as did extracts of fibroblasts derived from a Pms2 Ϫ/Ϫ mouse. Interestingly, the PMS2-deficient human and murine cell extracts failed to repair both tandem mismatches (Table 2) .
DISCUSSION
The role of nucleotide excision repair in hypermutation previously was studied in repair-deficient human cells (32) and cell lines (33) , and hypermutation was observed. However, these studies were carried out with cells mutant in the Xpb and Xpd genes, which not only are nucleotide excision repair proteins but are also components of the basal RNA polymerase II transcription apparatus. Because both Xpb and Xpd are essential genes necessary for life, a definitive experiment to completely eliminate their function is not possible. Mice with a homozygous defect in the Xpc gene (34) also had hypermutation, but XPC is not required for transcription-coupled nucleotide excision repair. In contrast, total disruption of XPA function is both compatible with viability and eliminates all nucleotide excision repair in mammalian cells, whether transcription-coupled or not. The results presented here and in a recent report by Jacobs et al. (35) indicate that mice with a completely inactivating mutation in the Xpa gene (14) still respond to antigenic challenge with mutated antibodies. This finding conclusively demonstrates that somatic hypermutation of Ig genes does not require nucleotide excision repair.
A connection of hypermutation to other DNA repair pathways has not been explored. Because the generation of somatic mutations in V genes may involve the formation of base⅐base mismatches, it is logical to ask whether mismatch repair affects the hypermutation process. A variety of observations in yeast, mice, and human cells indicate that the PMS2 protein is essential for DNA mismatch repair (15-17, 19, 31, 36) , including our finding that extracts of cells derived from PMS2 Ϫ/Ϫ mice do not repair a base⅐base mismatch ( Table 2 ). The results in Figs. 2 and 3 demonstrate that PMS2-deficient mice produce mutated antibodies when challenged with antigen. Thus, the Pms2 gene product is not essential for the hypermutation process. The data also rule out a previous model where direct and indirect palindromic sequences would template mutations during repair of mismatched bases that are formed by misalignment of the sequences (11) .
The mutation frequency in the V Ox1 gene was somewhat lower in PMS2-deficient mice than in wild-type mice, comparing all mutations (0.9% vs. 1.4%) or only those thought to be under no selective pressure (0.5% vs. 1.2%). This 2-fold difference could be caused by several possibilities. First, PMS2 may actually help convert mismatches into mutations via excision of the parental nucleotide in the mismatch and replacement by using the mutant strand as a template. A precedence for this concept already exists in E. coli based on repair by MutT and MutY proteins (37) . If the PMS2 gene (38) reports a 6-to 22-fold decrease in the level of mutation in V genes from mice deficient for PMS2, whereas we saw only a 2-fold decrease. This discrepancy may be caused by different genetic backgrounds and experimental protocols. Cascalho and coworkers studied quasimonoclonal mice bred to Pms2 Ϫ/Ϫ mice, did not immunize the mice, examined peripheral blood lymphocytes, and sorted the cells for the presence of an idiotype. In this study, we used Pms2 Ϫ/Ϫ mice, deliberately immunized the mice, isolated spleen cells, and sorted the cells for expression of B220 and a receptor for peanut agglutinin. In determining the frequency of mutation, a critical factor is whether to include the unmutated sequences in the calculations as Cascalho et al. (38) did. As nonmutated clones likely come from cells that were not activated to mutate, a more accurate analysis would be to determine the frequency for clones that have at least one mutation, in which case the decreases in the Cascalho et al. study (38) become less dramatic. Furthermore, it is unlikely that the conventional mismatch repair pathway generates mutations, because B cells from mice defective for other mismatch repair proteins have equal frequencies of hypermutation compared with B cells from wild-type mice (35, 39) .
The results in Table 2 demonstrate that extracts of wild-type human cells, but not extracts of PMS2-deficient human or murine cells, are capable of repairing tandem mismatches by preferentially removing nucleotides from the nicked strand. We demonstrate here that the mammalian DNA mismatch repair system can recognize and repair tandem mismatches and that the Pms2 gene is required for repair of tandem mispairs. Tandem base substitution errors are rare in studies where undamaged DNA is replicated by either the DNA polymerases or the mammalian replication apparatus (40) . However, the results in Fig. 4 demonstrate that tandem errors frequently are produced during mutation of the V Ox1 gene. They may be preferentially removed in wild-type mice because they cause a greater distortion of the DNA helix than single mispairs. Some tandem mutations occur in clones that have no other mutations, implying that they are produced during a single event. Tandem substitutions may be introduced during error-prone polymerization (41); for example, DNA polymerase ␤ frequently generates tandem misincorporations during filling of a 5-nt gap (42) . Clusters (3) and blocks (43) of mutation have been observed before in V genes, implying that tandem mutations are a common feature of hypermutation.
